INTRODUCTION
A great many industrial processes involve interaction between solids and fluids ( i.e. gases or liquids ). Combustion, gasification of solid fuels, shales or solid wastes, drying of particles, calcining, particle heating, regenerative, heat exchangers, oxidation or reduction of ores, metal surface treatments and catalpc and thermal cracking are some of such processes. Solids and fluids serve different roles and several combinations of solids and fluids can arise in a practical situation. Thus, when considering processes or plants it is necessary to be clear as to the particular purpose served by the fluids and the solids. Heating and d r y q of solids, for example, involve heat and mass transfer only, whereas combustors, gasifiers etc. have the additional complication of chemical reactions which have to be carried out simultaneously with heat and mass transferkf.
Howard(')*). Again, there are many processes where just the flow of granular particles take place, for example, the flow of food grain, coal or sand particles through bin, silo, hoppers, chutes, conveyor belts, inclined planes etc.
In most of these cases, a theoretical modeling of the process requires a complete and thorough understanding of the phenomena involved and constitutive modeling of the constituents along with the usual balance laws. In a process, where both a fluid and a solid constituents are involved, it is essential to model both the constituents such that the models accurately describes the charactteristics of the constituent concerned. While there are many different models available for fluids, the models for granular materials lack from an understanding of the material parameters.
'Parenthetic4 references pbced superior to the line of text d e r to the hiEography.
Solid Constituent
In order to have a complete and thorough understanding of the whole process, it is required that we understand the rheological behavior of the granular material involved. This need is further strengthened by the fact that a better and economically efficient process would require a design based on the material involved in the process and the various other factors which govern the flow characteristics of the granular materials. This has motivated researchers to investigate the behavior of granular materials experimentally and model them theoretically such that their model describes the known experimental observations. Despite all this, even at this stage of the advancement of science, there is still a lack of understanding of the mechanics involved in the flow of these materials because of the fact there is not one universally accepted constitutive relation that governs the flow of granular materials. There are many different constitutive models for these materials; but before discussing them I would like to discuss the phenomena and characteristics which are typical of granular materials.
A granular medium is not a solid continuum since it deforms to the shape of the vessel containing it; it cannot be considered as a liquid for it can be piled into heaps; and it is not a gas for it will not expand to fill the vessel containing it.
Another important phenomena observed in granular materials is a unique property called "dilatancy". This was first observed by Reynoldd2) . Dilatancy is described as the phenomena of expansion of the voidage that occurs in a tightly packed granular arrangement when it is subjected to a deformation. Many of the existing theories for flowing granular materids use this observation to relate the applied stress to the voidage and the velocity. Moreover granular materials exhibit phenomena such as "normalstress effects", similar to non-Newtonian fluids. It is very difficult to characterize bulk solids, w h i c h are composed of a variety of materials. This is mainly due to the fact that small variations in some of the primary property of the bulk solid such as the size, shape, hardness, particle density, and surface roughness, can result in a very different behavior.
Furthermore, secondary factors such as the presence or absence of moisture, the severity of prior compaction, the ambient temperature etcetra , which are not directly associate with the particles, can have significant effects on the behavior of the bulk solid. This gives an idea about the complekty of the behavior of granular materials and a complete understanding of such kind of materials will require a thorough investigation of the material parameters involved.
These materials parameters in general depend upon the model which is used to describe the characteristics of the granular materials. There have been many attempts at describing the mechanics of granular materials based on continuum, mixture, kinetic theories, and sometime based on the assumption that granular materials behave like a Newtonian fluid. School which consider behavior like Newtonian fluid usually describe the stress tensor for these materials as if they are linearly viscous fluid exhibiting "simple Newtonian behavior"; however, experimental observations do not suggest so. Another, and a major drawback is the absence of the knowledge for the term ps, i.e., spherical part of the Cauchy's tensor.
Kinetic theory suffers from the fact that a theoIy based on that assumption can only describe flow behavior of granular materials when particle velocity is tremendously high and there are collision of particles taking place and a concept of mean free path should exist. This type of behavior is u s U y observed in avalanche or rapid flow of granular materials. But in such a situation determination of the material parameters involved in building that particular model is quite a challenging task. Recently, Mas~oudi(~) based on continuum and mixture theory has attempted to model the granular materials. There he has tried to overcome the common problem described above, but in his model for describing the Cauchy's stress tensor for the granular material, there are quite a few number G; .:laterial parameters involved. I will describe, in brief, the model as devised b -5 I: s s o~d i (~) based on continuum theory. X' designates the spatial position of the particle in the reference configuration ire.
The motion x is a one-to-one, continuous and invertible mapping which talc& the particle at the spatial position X to x, the spatial position of the particle in the current configuration, fit, i.e., x = x(Xr). This motion is assumed to be smooth enough such that all the required derivatives are defined. We define the following kinematical quantities: 
(1-6)
Based on material symmetry, frame indifference and representation theorems ( using standard arguments from continuum mechanics 1 a constitutive model that can predict normal-stress difference and is properly frame indifferent,
where, D is the stretching tensor for the granular particles, v is the volume compressible fluid, h is referred to as "Cross-Viscosity" in a Reiner-Rivlin fluid, and @ is the dyadic or the outer product.
As described earlier, any model which describes the behavior of granular materials involve a number of material parameters, for example in the model devised by Mass~udi(~) the material parameters p's are unknowns. Knowledge of these parameters is crucial for the success of these models. The determination of them, experimentally, is again a task in itself. This is more important because the theory should corroborate experimental results. Theory and experiment, therefore, go hand in hand. In order to have any validity of the theory proposed, experiments are required. Since the 2,eory satisfies the accepted balance law, and it incorporates the physical behavior of the material in question, it is upto the experimentalist to devise an experiment which will be able to predict the physical behavior of the material accurately.
Outline of this report
In chapter 2, we discuss the design of the Orthogonal Rheometer to measure the material properties of granular particles. Chapter 3 describes the experimental investigation into the properties of granular materials. In chapter 4,
we evaluate the present design and the modification to the present rheometer.
ORTHOGONAL RHEOMETER

Introduction
, Rheology is that branch of science which studies the behavior of materials under deformation. A rheometer characterizes the material response. Rheological properties are very important for manufacturing, fabrication, end use, transportation, bulk handling, and various other uses of the materials. Flow properties of a material govern how, and even if, it can be processed or transported in the form desired. Interest in the flow properties of granular materials has been primarily motivated by design problems in the bulk handling of grain, coal powders and particles, sand and gravel, and other particulate solids as well as slurries. In processing these materials, such as transportation of these granules and particles, it is absolutely essential to understand the flow properties of these materials. Failure to do so could result in design failure of the system; subsequently resulting into an enormous loss of revenue, and sometimes human lives also. One of those many examples is the design consideration for the transportation of coal particles in energy industries. Due to the lack of the knowledge of material parameters involved, the design of the transportation system quite often lacks the efficiency, and sometimes results into the failure and complete shut down of the system. This has prompted researchers into looking more closely at the various ways to characterize the material parameters. Characterizing the material parameters theoretidy involves a complete undestanding of the various governing factors and parameters, such as shape and size of the material, hardness of the particle, roughness of the surface, diameter of the granule, water content of the material and m y other various factors. Any theory which attempts at characterizing these materials would have to take all of these and other relevant factors into account. Very often these theories fail due to the lack of proper characterization of the behavior of the material. All these theories usually require support from some kind of experiment which can perhaps supply reliable data; data which researchers can correlate with the theory and predict the values of the material parameters involved in their models; thus providing a complete rheological characterization of the material. Hence, theoreticians usually rely on experimentalists to provide an experiment or a series of experiments which can help them in their theoretical modeling of the material. Thus theory and experiments go hand in hand. Here, we are exploring one such attempt.
Modeling granular materials theoretically has been an area of interest for many researchers. Here, I will not go into the discussion of theoretical modeling.
A more detailed analysis and discussion of various models can be found in the recent work of Gudhe('). My aim here, is to provide you with the details of the experiment which we have designed for characterizing granular materials.
As there are many different methods available for measuring the properties for viscoelastic solids and fluids, our aim here is to devise a method and an instrument which is suitable for measuring the properties of granular solids or slurries. The rheometer devised is superior to other existing rheometers when it comes to measuring the properties of granular materials. Firstly, the rheometers based on the pressure hole phenomenon cannot be used for granular materials. A cone and plate rheometer is unsuitable as there is difficulty near the cone tip where the diameter of the particles can pose a serious problem. A helical screw rheometer is not appropriate as the kinematics of the problem is not well understood. Our rheometer is superior to the above suggested rheometers because first it eliminates most of the complications involved in cone and plate rheometer, and the kinematics is well understood. Moreover, this can be easily modified into a torsional rheometer.
Operating Principle of Orthogonal Rheometer
The instrument which we have developed for measuring the material properties of the granular solids is the orthogonal rheometer. This instrument traces its origin to an instrument used for measuring the properties of viscoelastic solids. Maxwell and Chartoff later. modified this instrument to measure the properties of polymer melts and viscoelastic fluids. Non-hear materials exhibit phenomena called "dilatancy" and "normalstress effect" and this is the main principle on which this rheometer works.
The test material is placed between two parallel plates which are rotating eccentrically ( cf. Figure 2 .1, Appendix A ) at the Same angular speed and in the same direction. If the material is non-linear and when it is subjected to shear flow due to the rotating disks, orthogonal forces develop. This fact can be easily verified because when such a material is subjected to such kind of shearing forces, additional forces perpendicular to the plane of shearing motion are required to keep the plates apart at a constant distance. By measuring these orthogonal forces and the muments, we can characterize the material.
Design Considerations
The Rheometer should meet the following design considerations in order to be able to fulfill its requirements.
1. Simplicity: The rheometer should be simple in design and
operation. An ideal and simple design is the design when the rheometer can be used by a variety of personnel with a minimum of instruction.
2. Portability: One should be able to move the rheometer from one place to another with a minimum of effort. Hence, the size and the portability of the rheometer is a major consideration. e. The plate surface should be perfectly orthogonal to the axis of rotation. Otherwise, the plates would not be rotating in one plane and thus would result in erroneous data collection.
f.Machining of the plates should be perfect and the interchangability of the plates to handle variety of situations should be simple and rapid.
g. Distance between the plates should be sufficient in order to have easy material handling operations.
roughness requirements of the particles to be tested.
particles.
Motor:
The motors should be able to meet the speed and torque requirements. The linearity and the precise controls of the motor characteristics are important factors.
Trrwtsducers:
Since the success of the rheometer depends upon the reliable data collection, it is very important to have the transducers which can capture the deformation ( the forces ) with a great degree of accuracy. The linearity of the transducers and ranges where it can be operated would also limit the rheometer capabilities. H e n c e , they should be checked. They should be calibrated in the operational regime again to ensure that they meet their specifications.
Amplifiers:
Amplifiers are required to bring the output voltages of the transducers to a range where the data acquistion can read them with minimum of interference and noise. Hence, an amplifier which can ampllfy the voltages precisely is also required.
Data Acquisition:
A perfect and reliable data acquisition is a must to ensure that the data obtained by the rheometer is reliable. The data acquisition system should be able read the forces and the moments which are experienced by the transducers. It should also be able to read all the forces and the moments simultaneously and a graphing, facility with the data acquisition system is also desirable. One should also look for a data acquisition system which can collect data and store them on a computer diskette as well as can print the data and graphs with a minimum of effort and time, and with a minimum of instruction. A user friendly software along with the data acquisition would also enhance the usability of the rheometer.
Vibrations:
The vibration of the structure is a major problem in many designs. Hence, the structure should be rigid and should have the least vibration possible.
Operation Table:
Since in an orthogonal rheometer both the shafts are rotating about different axes, it is also desirable to have an easy way of changing the axes of rotation.
Precise Contmls: All the controls for motors, tables, data acquisition
should be very precise. Since the speed at which both shafts are rotating, is the same and constant, it is desirable to have voltage stabilizer and some kind of feedback control and speed comparison facility.
12.Machining and Assembly:
Machining and assembly should be precise and within allowable tolerance. Otherwise erroneous data collection and interpretation would result.
Economics: Last but not the least it is desirable to have a rheometer
which is not only inexpensive to start with, but easy to fix in case something breaks down, with minimum of effort, money and time.
Design of the Orthogonal Rheometer
In the previous report we discussed the various aspects of the design of the Orthogonal rheometer and the types of errors and their sources. We also discussed error analysis and calibration of various transducers. In the next chapter, we would like to discuss some prelmunary experimental results and diagnostics of the instrument.
EXPERIMENTS AND RESULTS
Experimental Tests and Diagnostics
Once the instrument was assembled it was necessary to check whether o w instrument was able to provide us with reliable data. In order to determine whether there is any error in the instrument due to misalignment and various other factors such as machining, assembling etc., we carried out a series of experiments, both static and dynamic. In the static test, we recorded the outputs of the transducers by giving the upper shaft a series of smalI rotations. This enabled us to measure the error due to the misalignment of the shaft. In the preliminary study, we found that there were a large standard deviations in the recorded readings. This clearly indicated that the shaft was not perpendicular to the plane of rotation and fine tuning was necessary. Because the shaft was not perpendicular to the plane of rotation, the shaft was exerting a different amount of force when it was given those small rotations. Another source of error we found was due to the belt and pulley drive assembly. The belt was not horizontal and it w a s at a small angle to the horizontal plane. This resulted into a component of force in different directions when the shaft was given a small rotation and hence an error in the recorded readings. In order to correct this problem, we fine tuned the alignment of the shaft, polished various surfaces and assembled the whole unit and repeated the static tests again until the recorded values had admissible standard deviation. This resulted in an improved system. The next step was to check the system and the recorded readings for errors when the system was in motion. To do that, we canid out a dynamic analysis.
We recorded the readings when both the shafts were put in motion. To do that, we conducted a series of experiments when the shafts were rotating at different speeds. From the recorded readings, we calculated the standard deviation, maximum and minimum values of the recorded readings over a period of time. We repeated this experiment a number of times and evaluated these parameters. The difference between the maxim= and minimum recorded values, once the standard deviation was low, gave the expected error in dynamic measurement.
This error can be attributed to factors like vibration, random noise, friction, misalignment etc. We followed the same procedure as before and re-tuned the system and repeated these experiments again and again until our system was providing us with the data which had admissible values of standard deviation and the difference between the maximum and minimum recorded values of the readings was within the limit of the experimental error.
Once the system was fine tuned, the next task was to evaluate the precision error of the instrument, as this is related to the repeatability of the instrument. To do that, we recorded the outputs of the transducers when the system was put in motion. We conducted a series of experiments at different speeds and at different instants of time. Tables 2.1 -2.7 show the errorS which can be expected when the shafts are rotating at speeds from 10 RPM to 60 RPM. From each separate experiment we evaluated the maximum and the minimum values and keeping the same conditions, we repeated the experiment. From this series of experiments we then evaluated the maximum of the maximum recorded values and the minimum of minimum values, and the difference in these values give the most expected value of the precision error in dynamic measurement. Now, having done the error analysis, diagnostics to improve the system by minimizing the error and correcting the sources of errors, our instrument is ready to measure the properties of granular materials. Min .
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